Magnetoresistive study of antiferromagnetic--weak ferromagnetic
  transition in single-crystal La$_{2}$CuO$_{4+\delta}$ by Belevtsev, B. I. et al.
ar
X
iv
:c
on
d-
m
at
/0
31
24
09
v1
  [
co
nd
-m
at.
str
-el
]  
16
 D
ec
 20
03
Magnetoresistive study of antiferromagnetic–weak ferromagnetic transition in
single-crystal La2CuO4+δ
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The resistive measurements were made to study the magnetic field-induced antiferromagnetic
(AF) - weak ferromagnetic (WF) transition in La2CuO4 single-crystal. The magnetic field (DC
or pulsed) was applied normally to the CuO2 layers. The transition manifested itself in a drastic
decrease of the resistance in critical fields of 5-7 T. The study is the first to display the effect of the
AF -WF transition on the conductivity of the La2CuO4 single-crystal in the parallel - to - CuO2
layers direction. The results provide support for the 3-dimensional nature of the hopping conduction
of this layered oxide.
PACS numbers: 74.72.Dn; 75.30.Kz; 75.50.Ee
I. INTRODUCTION
Transport and magnetic properties of cuprate
La2CuO4+δ attract up to now a considerable attention
in the area of superconducting research. This is a parent
compound for one of the family of high-temperature su-
perconductors, and study of its properties is considered
to be important for elucidation of still unclear nature of
superconductivity in cuprates. Stoichiometric La2CuO4
(δ = 0) is an antiferromagnetic (AF) insulator with Ne´el
temperature, TN , about 320 K, but doping it with biva-
lent metals (such as Sr) or with excess oxygen (δ 6= 0)
leads to violation of long-range AF order and decrease in
TN [1, 2, 3]. A fairly high doping results in transition to
metallic state.
Perovskite crystal lattice of La2CuO4 is an orthorhom-
bic (below about 530 K) consisting of CuO2-layers sepa-
rated by La2O2 layers (the latter consisting of two buck-
led La-O layers) [2, 3]. In Bmab space group, the CuO2
layers are perpendicular to the c axis and parallel to
a-b plane [3]. The CuO6 octahedra are tilted in a stag-
gered way; the tilting is uniform in a given c-b plane.
The AF state is strongly connected with crystal lat-
tice features [4]. The magnetic state is determined by
d9Cu2+ ions with spin S = 0.5. In the CuO2 planes,
the magnetic structure is characterized by simple two-
dimensional (2D) AF array with nearest neighbors having
antiparallel moments [4]. Due to the above-mentioned
tilting of the CuO6 octahedra, the spins are canted 0.17
◦
in the c-b plane away from the b axis [4, 5]. As a re-
sult, a weak ferromagnetic (FM) moment perpendicular
to CuO2 plane appears in each layer. Below TN , the
directions of FM moments are opposite in neighboring
CuO2 planes, so that the system as a whole is three-
dimensional (3D) AF [5].
Application of high enough magnetic field along
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the c-axis causes a magnetic transition into a weak-
ferromagnetic (WF) state, in which all canted moments
are aligned along the field direction [5]. The transition
is accompanied by a jump-like change in the resistivity
[5]. The critical field Hc of the transition is temperature
dependent. It goes to zero for T approaching TN , but
increases with temperature decreasing and amounts up
to 5-6 T below 100 K. Hole doping of La2CuO4 leading
to smaller TN causes smaller Hc values as well (down
to about 3 T at low temperature for samples with TN
about 100 K) [6]. Some magnetic transitions have also
been found for field applied parallel to a-b plane [7]. In
this case, for field parallel to b axis, a spin-flop transition
was found at field H1 about 10 T, and a transition to FM
state at field H2 about 20 T. These transitions manifest
themselves as weak knees (no jumps) in MR curves [7]. It
is believed that no magnetic transition should take place
when field is applied parallel to axis a , which is perpen-
dicular to the staggered moments [7, 8].
The doping with excess oxygen introduces charge car-
riers (holes) in CuO2 planes. At small enough δ (< 0.01),
La2CuO4+δ remains insulating, even if TN reducing con-
siderably [9, 10]. The excess oxygen atoms reside at an
interstitial sites between LaO planes [11]. Each of such
excess atom is surrounded by tetrahedron of apical oxy-
gen atoms. For layered cuprates, in which the CuO2
planes are the main conducting units, a quasi 2D be-
havior to be expected for the in-plane transport. This
has really been found in many cuprates [12], but not
in La2CuO4+δ. In this compound, the Mott’s variable-
range hopping (VRH) with temperature dependence of
resistance described by expression,
R ≈ R0 exp
(
T0
T
)1/4
, (1)
is found [13, 14] at low T for both, the in-plane (cur-
rent J parallel to CuO2 planes) and out-of-plane (J‖c)
transport. Fractional exponent in Eq. (1) equal to 1/4
corresponds to 3D system (for 2D systems, it should be
2equal to 1/3) [15]. At the same time, the hopping con-
duction in La2CuO4+δ samples with fairly high crystal
perfection shows a considerable anisotropy, so that mag-
nitudes of R0 and T0 in Eq. (1) are different for the
in-plane and out-of-plane transport. The in-plane con-
ductivity σab is found to be considerably higher than the
out-of-plane one σc. A ratio σab/σc is strongly tempera-
ture dependent. It is minimal (about 10) in liquid-helium
temperature range, but increases dramatically with tem-
perature and saturates above 200 K to a maximal values
order of 100 [16, 17, 18].
The 3D character of VRH in La2CuO4+δ testifies that a
hole transfer between CuO2 is likely not only at J‖c, but
at J‖a,b as well. At considering this question it is im-
portant to know the exact nature of holes in La2CuO4+δ.
Although about 17 years has passed since the discovery
of superconductivity in doped La2CuO4+δ, the nature of
holes in it still cannot be considered as completely clear.
This in turn hampers to gain an insight into the nature
of cuprate’s superconductivity. In the undoped state,
CuO2 planes present a lattice of d
9Cu+2 (S = 0.5) and
p6O−2 (S = 0) ions. Doping with excess oxygen causes
(to ensure neutrality) appearance of additional holes in
the planes. This can be achieved in two ways: 1) some
of the d9Cu+2 ions change into d8Cu+3 (S = 0) state, or
2) some of the in-plane oxygen ions p6O−2 change into
p5O−1 (S = 0.5) state. In either case, the holes induce
strong local perturbations of AF order. In known lit-
erature [19, 20, 21, 22, 23, 24, 25], both kinds of holes
have been taken into account in theoretical models of
fundamental properties of the cuprates. There is much
speculation, however, that holes in La2CuO4+δ have a
strong oxygen character [19, 20, 21, 22, 23, 24], and this
view has a strong experimental support [20, 22, 26]. At
the same time, due to overlapping of d - and p-orbitals
and hybridization of d - and p-bands, d -orbitals exert a
significant influence on the hole motion.
According to Ref. [21], owing to special character of
the excess oxygen as interstitial atom [11] with weak
oxygen-oxygen bonding, the holes can be delocalized
from CuO2 planes onto the apical O atoms, i.e. into
La2O2+δ region between adjacent CuO2 planes. This as-
sures the 3D nature of VRH in La2CuO4+δ. In this way
the La2CuO4+δ differs drastically from Sr doped system,
where the holes remain quasi two-dimensional. Really,
the ratio σab/σc in lightly doped La1−xSrxCuO4 crystals
of good quality can be as high as several thousands [27].
In this communication, we report the results of study
of AF-WF transition by magnetoresistance (MR) mea-
surements in a La2CuO4+δ single crystal. In known pre-
vious studies [5, 28, 29, 30, 31] the MR investigations of
AF-WF transition in La2CuO4+δ were done for the case
when both the magnetic field and transport current are
perpendicular to the CuO2 planes (i.e., H‖c and J‖c).
Under these conditions a rather sharp decrease in the
resistance has been found as the critical field Hc was ap-
proached from below. Amplitude of the relative change in
resistance (∆R/Rn, where Rn is the resistance in the AF
state) due to AF-WF transition depends on temperature.
It is maximal in the range 20-30 K, where it can amount
up to 0.30-0.50 in fairly perfect crystals [5, 7, 29, 30, 31].
It is known that the enhancement of spin order usu-
ally leads to decrease in resistivity of metallic systems.
For example, a considerable decrease in resistivity can
occur at transitions from paramagnetic to FM or AF
state in some metals, alloys or even in some FM per-
ovskite oxides, like mixed-valence manganites [32, 33, 34].
This is usually attributed to a decrease in the scattering
rate of quasi-free charge carriers on disordered local spins
as a result of the above-mentioned magnetic transitions.
The situation is rather different in the case of insulating
La2CuO4+δ. Here the transition to 3D AF state produces
hardly any noticeable change in the hopping conductivity
at TN (apparently for the reason that 2D AF correlations
in CuO2 planes persist up to temperatures far above TN
[1, 2, 3]). But transition to the 3DWF state increases the
conductivity enormously. Since VRH in La2CuO4+δ has
a pronounced 3D character, it can be expected that AF-
WF transition would manifest itself in resistivity in field
H‖c not only for the transport current perpendicular to
the CuO2 planes, as it was found in Refs. [5, 29, 30, 31],
but for the in-plane hole transport as well. In this study
this effect has been actually revealed, as described below.
II. EXPERIMENTAL
A single-crystal La2CuO4+δ sample with dimensions
1.3×0.3×0.39 mm is investigated. This sample was stud-
ied previously in work [18], where it was indicated as a
sample No. 1 with TN = 188 K. After that study, the
sample was annealed additionally in oxygen atmosphere
(700◦C, 5.5 days) in the hope that oxygen content (that
is, δ) will be increased. It turns out, however, that the
thermal treatment has caused only a slight decrease in TN
(down to 182 K) and in the resistivity. The TN value was
determined from magnetic susceptibility measurements.
The crystallographic orientation of the sample was
determined from an x-ray diffraction study. This re-
veals that the sample has a quantity of twins, which
inevitably appear in La2CuO4+δ crystals when cooled
through tetrahedral to orthorhombic structure transition
at T ≈ 530 K [3]. As a result, a peculiar domain structure
is developed. Orientation of c-axis is the same in each
domain, but orientations of a and b axes are switched
(or reversed) in a fixed way between two possible ori-
entations upon crossing the domain (twin) boundaries.
In this connection, although we will speak convention-
ally in the following about a- or b- directions of trans-
port current in the sample studied, they should be taken,
first of all, as the two in-plane current directions in the
twinned crystal, which are perpendicular to each other.
In a heavily twinned crystal no significant anisotropy in
3the in-plane conductivity can be expected even assum-
ing that some intrinsic conductivity anisotropy within
CuO2 planes takes place. We have found, however, a pro-
nounced anisotropy in the conductivity (and a rather sig-
nificant one in the MR) for these two in-plane directions.
This matter will be touched upon in the next section of
the paper. In contrast, we can speak about c-directions
in the sample studied without any reservation or possible
misunderstanding.
In this study, the DC resistance in the directions par-
allel to CuO2 planes was measured by the Montgomery
method [35], which is appropriate for systems with a pro-
nounced anisotropy of the conductivity. Contacts be-
tween the measuring wires and the sample were made
using a conducting silver paste. The measurements were
done in field H‖c in a helium cryostat with a supercon-
ducting solenoid. Although maximum field in the cryo-
stat (about 6 T) has appeared to be quite sufficient in
most cases to reveal manifestation of the AF-WF tran-
sition in MR of the sample studied, a somewhat higher
field is needed to study the transition more thoroughly,
especially for study of hysteretic phenomena in R (H)
curves in vicinity of critical field Hc [5, 29, 30, 31]. This
hysteretic behavior is considered as an indication of the
first-order transition. For this reason, a part of DC re-
sistance measurements in this study were done in pulse
magnetic field with amplitude up to 15 T. A nearly si-
nusoidal pulse has a duration about 33 ms, during which
the field is swept from zero to a maximum amplitude and
back to zero. For these measurements the field H‖c and
transport currents, J‖c and J‖a , were used. The rate of
variations in magnetic field was up to 103 T/s. Other es-
sential details of the pulse measuring technique employed
can be found in Ref. [36].
III. RESULTS AND DISCUSSION
The temperature dependences of resistivity ρa, mea-
sured along axis a (J‖a), is shown in Fig. 1 for different
magnitudes of measuring current. It is seen that ρ(T )
behavior does not depend essentially on current in the
whole measuring temperature range, 4.2 K ≤ T ≤ 300 K,
for current magnitude lesser than about 1 µA; that is
Ohm’s law holds in this case. For better consideration,
one of these ohmic R(T ) curves (at J = 1 µA) is pre-
sented separately in Fig. 2. It can be seen that Mott’s
law [Eq. (1)] is obeyed fairly well in the range 20 K<∼ T
<
∼
200 K. In the range T < 20 K, a steeper [as compared
to Eq. (1)] increase in R with decreasing temperature is
found. This deviation from Mott’s law at low tempera-
ture is rather typical for La2CuO4+δ, and was observed
earlier in Refs. [14, 31]. In Ref. [14], a possible reason for
this behavior is suggested to be determined by the pres-
ence of superconducting inclusions in insulating sample
due to phase separation in La2CuO4+δ.
Magnetic structure of La2CuO4+δ, according to neu-
tron diffraction data [2, 4], is anisotropic for all three or-
thorhombic axes. The same can be expected, therefore,
for transport and magnetic properties. In the presence
of twins, however, the measured transport and magnetic
properties show usually quite definite anisotropy solely
for directions parallel and perpendicular to the CuO2
planes. Recently, in untwinned La2CuO4+δ crystals, a
clear in-plane anisotropy of the magnetic susceptibility χ
was found [37]. A similar phenomenon may be expected
in transport properties of La2CuO4+δ samples without
twins.
In a sample with multiple twins, no considerable in-
plane anisotropy could be expected. The measured ratio
ρb/ρa in the sample studied (see inset in Fig. 2) reveals,
however, a rather distinct anisotropy. The ratio is close
to unity at T ≈ 11-12 K, but it increases with temper-
ature and approaches value of about 3 at room temper-
ature. A similar behavior was found in the previously
studied sample with somewhat higher TN ≈ 188 K [18].
The a-b anisotropic conductivity behavior in a twinned
sample (in the case that the conductivities σa and σb
are inherently different) can be observed only when, first,
available twins are few in number (so that measured resis-
tivity is not properly averaged between the two possible
crystal orientations), and, second, a given current direc-
tion is really parallel to axis a (or b) in the most part
of the crystal. The results of this study give, therefore,
an evidence that the intrinsic conductivity anisotropy in
CuO2 planes of La2CuO4+δ is quite credible.
We found that MR behavior of the sample studied de-
pends significantly on magnitude of measuring current,
especially at low temperature. Upper panel of Fig. 3
presents the MR curves recorded at T = 5 K for the case
J‖a . It can be seen that for low currents (that is in ohmic
regime) the MR is positive, but for high enough currents
(J ≥ 1µA) the MR becomes negative and strongly in-
creases above H ≃ 5 T. Positive MR was observed only
at low temperature (T < 20 K) for both the in-plane
current directions used, J‖a and J‖b. At fairly high
temperature, T ≥ 20 K, only negative MR is observed,
which increases profoundly aboveH ≃ 5 T, as well (lower
panel of Fig. 3). We have attributed this rather sharp
increase to an influence of the AF-WF transition, as it
will be discussed in more detail below. As for the posi-
tive MR at low temperature (T < 20 K), this could be
attributed to the presence of superconducting inclusions
due to phase separation as it was mentioned above. For
example, in Ref. [38], positive MR attributed to super-
conducting inclusions has been found at low temperature
range (T < 10 K) in even more resistive La2CuO4+δ with
higher TN .
For all temperature range, where MR is measured in
this study (4.2 K ≤ T ≤ 90 K), the MR magnitude was
strongly dependent on measuring current (as illustrated
by Fig. 3). For this reason, to compare MR curves with
an evident effect of AF-WF transition at different tem-
peratures we have used only data for rather high currents,
that is for non-ohmic conduction regime. Some examples
of the MR curves at H‖c for the cases J‖a and J‖b and
4current J = 100 µA are shown in Figs. 4 and 5 for cer-
tain selected temperatures. It is obvious from the curves
that a rather sharp decrease in resistance occurs when H
exceeds some critical magnitude (in the range 5-6 T). All
main features of this resistive transition are quite iden-
tical to those found in MR behavior of La2CuO4+δ at
the AF-WF transition for the case H‖c, and the out-of-
plane current direction (J‖c), when mainly inter-plane
hopping is affected by the transition [5, 28, 29, 30]. The
results obtained show that the AF-WF transition influ-
ences hopping conduction in the directions parallel to
CuO2 planes as well. This effect, although being antic-
ipated (as it is indicated above), have never been seen
previously in La2CuO4+δ, to our knowledge.
The following features of the resistive transition can
be pointed out. First, the transition is sharper and
the relative changes in resistance, ∆R/Rn, are larger
for b-direction of the transport current than those for
a-direction (compare Figs. 4 and 5). Second, the MR
curves are hysteretic in the field range of the transition,
as expected. The hysteresis becomes more pronounced
for decreasing temperature. The latter feature of the
MR curves is quite consistent with that found previ-
ously at the AF-WF transition for J‖c [5, 29, 30, 31].
Third, a considerable negative MR in low field range be-
low the magnetic transition can be observed (Figs. 4 and
5). This contribution to the total MR is not hysteretic
and, maybe, has a little if any relationship to the mag-
netic transition. For a given current (for example, for
J = 100 µA, as in Figs. 4 and 5) the contribution of this
type of MR increases with temperature decreasing and
is more pronounced for a-direction of measuring current.
It is found as well that the negative MR at low field in-
creases with current magnitude (Fig. 3) and, therefore,
with an applied voltage, so it is much more pronounced
in non-ohmic regime of hopping conductivity (compare
Fig. 1 and Fig. 3). In previous studies, negative MR
in the AF La2CuO4+δ for the case of both the current
and field parallel to CuO2 was found and discussed to a
certain degree [14, 18]. The nature of the negative MR
in rather low field H‖c and J‖a,b revealed in this work
is not clear and is worthy of additional study.
It is evident from Figs. 4 and 5 that the maximal
DC field about 6 T, used for these measurements, is not
high enough to accomplish the magnetic transition in full
measure. To overcome this disadvantage, the measure-
ments in pulse magnetic field with magnitude up to 15
T were done. The MR curves were recorded at temper-
atures T =4.2 K, 20.4 K and 77 K for both the in-plane
and out-of-plane directions of the transport current. Ex-
amples of MR curves for pulse field at T = 4.2 K and
T = 77 K are shown in Figs. 6 and 7.
The pulse MR measurements have enabled to see the
magnetic transitions in full measure. The MR curves for
low temperature region were found to be quite similar
for both methods (compare Fig. 4 and Fig. 6). It is also
seen that resistive transition for out-of-plane current di-
rection is sharper, and the relative changes in resistance,
∆R/Rn, are generally larger than those for in-plane di-
rection. MR curves in pulse magnetic field at T = 77 K
are less hysteretic than those at T = 4.2 K, as expected
(Fig. 7). Maximum values of ∆R/Rn ≈ 50 %, found in
this study for pulsed magnetic field agree well with those
found in previous studies in DC magnetic field [7].
In conclusion, we have found that the AF-WF transi-
tion in La2CuO4+δ clearly manifests itself in the in-plane
hopping conductivity. This supports the 3D nature of
hopping conduction in this compound.
[1] Amnon Aharony, R. J. Birgeneau, A. Coniglio, M. A.
Kastner, and H. E. Stanley, Phys. Rev. Lett. 60, 1330
(1988).
[2] Y. Endoh, K. Yamada, R. J. Birgeneau, D. R. Gabbe, H.
P. Jenssen, M. A. Kastner, C. J. Peters, P. J. Picone, T.
R. Thurston, J. M. Tranquada, G. Shirane, Y. Hidaka,
M. Oda, Y. Enomoto, M. Suzuki, and T.Murakami, Phys.
Rev. B 37, 7443 (1988).
[3] M. A. Kastner, R. G. Birgeneau, G. Shirane, and Y. En-
doh, Rev. Mod. Phys. 70, 897 (1998).
[4] D. Vaknin, S. K. Sinha, D. E. Moncton, D. C. Johnston,
J. M. Newsam, C. R. Safinya, and H. E. King, Jr., Phys.
Rev. Lett. 58, 2802 (1987).
[5] Tineke Thio, T. R. Thurston, N. W. Preyer, P. J. Picone,
M. A. Kastner, H. P. Jenssen, D. R. Gabbe, C. Y. Chen,
R. J. Birgeneau, Amnon Aharony, Phys. Rev. B 38, 905
(1988).
[6] A. N. Bazhan and V. N. Bevz, Sverkhprovodimost’:
Fizika, Khimiya, Tekhnika 4, 116 (1991).
[7] Tineke Thio, C. Y. Chen, B. S. Freer, D. R. Gabbe, H.
P. Jenssen, M. A. Kastner, P. J. Picone, N. W. Preyer,
and R. J. Birgeneau, Phys. Rev. B 41, 231 (1990).
[8] A. O. Gogolin and A. S. Ioselevich A. S., Zh. Eksp. Teor.
Fiz. 98, 682 (1990).
[9] A. A. Zakharov and A. A. Nikonov, Pis’ma v Zh. Eksp.
Teor. Fiz. 60, 340 (1994).
[10] B. W. Statt, P. C. Hammel, Z. Fisk, S-W. Cheong, F. C.
Chou, D. C. Johnson, J. E. Schirber, Phys. Rev. B 52,
15575 (1995).
[11] C. Chaillout, J. Chenavas, S-W. Cheong, Z. Fisk, M.
Marezio, B. Morozin, J. E. Schirber, Physica C 170, 87
(1990).
[12] Y. Iye, in Physical Properties of High Temperature Super-
conductors III, D. M. Ginsberg (Ed.), (World Scientific,
Singapore, 1992), Ch.4., p.285.
[13] M. A. Kastner, R. J. Birgeneau, C. Y. Chen, Y. M. Chi-
ang, D. R. Gabbe, H. P. Jenssen, T. Junk, C. J. Peters,
P. J. Picine, Tineke Thio, T. R. Thurston, H. L. Tuller,
Phys. Rev. B 37, 111 (1988).
[14] B. I. Belevtsev, N. V. Dalakova, A. S. Panfilov, Fiz. Nizk.
Temp. 23, 375 (1997) [Low Temp. Phys. 23, 274 (1997)].
[15] B. I. Shklovskii and A. L. Efros, Electronic Properties of
Doped Semiconductors, (Springer, New York, 1984).
[16] N. W. Preyer, R. J. Birgeneau, C. Y. Chen, D. R. Gabbe,
5H. P. Jenssen, M. A. Kastner, P. J. Picone, and Tineke
Thio, Phys. Rev. B 39, 11563 (1989).
[17] M. F. Hundley, R. S. Kwok, S-W. Cheong, J. D. Thomp-
son, and Z. Fisk, Physica C 172, 455 (1991).
[18] B. I. Belevtsev, N. V. Dalakova, A. V. Bondarenko, A.
S. Panfilov, and I. S. Braude, Fiz. Nizk. Temp. 29, 400
(2003) [Low Temp. Phys 29, 300 (2003)].
[19] V. J. Emery, Phys. Rev. Lett 58, 2794 (1987).
[20] W. E. Pickett, Rev. Mod. Phys. 61, 433 (1989).
[21] R. K. Kremer, A. Simon, E. Sigmund, V. Hizhnyakov,
in Phase Separation in Cuprate Superconductors, E. Sig-
mund K. A. Mu¨ller (Eds.), (Springer, Heidelberg, 1994),
pp. 66-81.
[22] W. Brenig, Phys. Rep. 251, 1 (1995).
[23] V. M. Loktev, Fiz. Nizk. Temp. 22, 3 (1996) [Low Temp.
Phys. 22, 1 (1996)].
[24] N-C. Yeh, Bulletin of Associations of Asia Pacific Physi-
cal Societies (AAPPS), Vol. 12, No. 2, page 2-20 (2002);
Preprint condmat/0210656.
[25] E. W. Carlson, V. J. Emery, S. A. Kivelson, and D. Or-
gad, Preprint condmat/0206217.
[26] J. M. Tranquada, S. M. Heald, and A. R. Moodenbaugh,
Phys. Rev. B 36, 5263 (1987).
[27] S. Komiya, Y. Ando, X. F. Sun, and A. N. Lavrov, Phys.
Rev. B 65, 214535 (2002).
[28] S-W. Cheong, Z. Fisk, J. O. Willis, S. E. Brown, J. D.
Thompson, J. P. Remeika, A. S. Cooper, R. M. Aikin, D.
Schiferl, and G. Gruner, Solid State Commun. 65, 111
(1988).
[29] A. D. Balaev, A. B. Bykov, L. N. Dem’yanets, N. B.
Ivanova, S. G. Ovchinnikova, B. P. Khrustalev, and V.
K. Chernov, Zh. Eksp. Teor. Fiz. 100, 1365 (1991).
[30] A. A. Zakharov, A. A. Teplov, E. P. Krasnoperov, M. B.
Tsetlin, A. K. Tsigankov, S. N. Barilo, and P. V. Grit-
skov, Pis’ma v Zh. Eksp. Teor. Fiz. 54, 32 (1991).
[31] A. A. Zakharov, E. P. Krasnoperov, B. I. Savel’ev, A. A.
Teplov, M. B. Tsetlin, and A. A. Shikov, Sverkhprovodi-
most’: Fizika, Khimiya, Tekhnika 4, 1906 (1991).
[32] S. V. Vonsovsky, Magnetism, (Wiley, New York, 1974).
[33] E. Gratz and M. J. Zuckermann, in Handbook of the
Physics and Chemistry of Rare Earths, ed. By K. A.
Geshneider, Jr. and L. Eyring (North-Hollad, Amster-
dam, 1982) pp.117-216.
[34] J. M. D. Coey, M. Viret, and S. von Molnar, Adv. Phys.
48, 167 (1999).
[35] H. C. Montgomery, J. Appl. Phys. 42, 2971 (1971).
[36] K. L. Dudko, N. V. Gapon, V. N. Savitsky, and V. V.
Soloviev, Fiz. Nizk. Temp. 21, 270 (1995).
[37] A. N. Lavrov, Y. Ando Y., S. Komiya, and I. Tsukada,
Phys. Rev. Lett. 87, 017001 (2001).
[38] B. I. Belevtsev, N. V. Dalakova, A. S. Panfilov, Fiz. Nizk.
Temp. 24, 1086 (1998) [Low Temp. Phys. 24, 815 (1998)].
Figure captions
Figure 1. The temperature dependences of resistiv-
ity ρa of single-crystal La2CuO4+δ measured at different
values of transport current. In all cases the current was
directed parallel to the crystallographic axis a . The de-
pendences are presented as lg ρa vs T
−1/4.
Figure 2. The temperature dependence of resistivity ρa
of single-crystal La2CuO4+δ measured for transport cur-
rent equal to 1 µA. The current was directed parallel to
the crystallographic axis a . The inset shows temperature
behavior of the ratio of the resistivities ρb and ρa for mea-
suring currents directed along the crystallographic axes
b and a .
Figure 3. Magnetoresistance curves at T = 5 K and
T = 20 K measured for single-crystal La2CuO4+δ in the
out-of-plane DC magnetic field (H‖c) for different am-
plitudes of measuring current directed along the crystal-
lographic axis a .
Figure 4. Magnetoresistance curves at various fixed
temperatures measured for single-crystal La2CuO4+δ in
the out-of-plane DC magnetic field (H‖c) for measuring
current (100 µA) directed along the crystallographic axis
a .
Figure 5. Magnetoresistance curves at various fixed
temperatures measured for single-crystal La2CuO4+δ in
the out-of-plane DC magnetic field (H‖c) for measuring
current (100 µA) directed along the crystallographic axis
b.
Figure 6. Magnetoresistance curves registered for
single-crystal La2CuO4+δ in the out-of-plane pulse mag-
netic field (H‖c) at T = 4.2 K for the in-plane and out-
of-plane current directions (J‖a and J‖c) with current
magnitudes 6 µA and 7.4 µA, respectively.
Figure 7. Magnetoresistance curves registered for
single-crystal La2CuO4+δ in the out-of-plane pulse mag-
netic field (H‖c) at T = 77 K for the in-plane and out-
of-plane current directions (J‖a and J‖c) with current
magnitudes 5.93 mA and 178 µA, respectively.
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